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We demonstrate a transient absorption scheme that uses a
fixed-spectrum attosecond pulse train in conjunction with a
tunable probe laser to access a wide range of nonlinear
light-atom interactions. We exhibit control over the time-
dependent Autler–Townes splitting of the 1s4p absorption
line in helium, and study its evolution from a resonant
doublet to a light-induced sideband with changing probe
wavelength. The non-commensurate probe also allows for
the background-free study of two-infrared-photon emission
processes in a collinear geometry. Using this capability, we
observe two different emission pathways with non-trivial
delay dependencies, one prompt and the other delayed.
We identify the nonlinear processes underlying these
emissions by comparing the experimental results to
calculations based on the time-dependent Schrödinger
equation. © 2018 Optical Society of America
OCIS codes: (020.2649) Strong field laser physics; (300.6530)
Spectroscopy, ultrafast; (190.7110) Ultrafast nonlinear optics;
(020.4180) Multiphoton processes.
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In recent years, attosecond transient absorption spectroscopy
(ATAS) has emerged as a powerful technique to resolve and con-
trol ultrafast dynamics in both the spectral and temporal domain
[1–8]. ATAS experiments use two pulses delayed with respect to
each other. These are typically a moderately intense, femtosec-
ond near-infrared (IR) pulse, and an attosecond extreme ultra-
violet (XUV) pulse, derived from a replica of the IR pulse via
high-harmonic generation, which allows for precise, sub-cycle
control of the relative XUV-IR delay. Typically, the XUV pulse
creates a coherent photoexcitation in a system, which evolves in
time and can be probed and/or controlled by the delayed IR
pulse and monitored through the delay-dependent XUV ab-
sorption or ionization spectrum. A wide range of ATAS phe-
nomena has been studied including line-shape changes [3,6],
light-induced states [5,7], vibrational wave packets [9], molecu-
lar autoionizing states [10], and macroscopic effects [11,12].
Two features common to most ATAS measurements are the
commensurate nature of the XUV and IR wavelengths (the
XUV frequencies appearing as harmonics of the driving laser)
and the collinear alignment of the beams. In a collinear geom-
etry, ATAS studies primarily rely on differential absorptionmea-
surements, and any IR-driven dynamics of interest are generally
probed against an XUV-only background signal. Several groups
have moved toward background-free ATAS measurements in
which the IR-driven processes emit non-collinearly with respect
to the XUV source, by using the IR beam to turn the emitted
phase front, either by non-collinear four-wave mixing (FWM)
[13] or a radially varying Stark shift [14]. In such experiments,
the IR-driven processes show up purely as emission signals, since
there is no background against which to interfere.
Theoretical studies of ATAS show that the IR wavelength is
a key parameter in ATAS and that tuning the wavelength can
reveal a range of absorption and emission features [8]. For ex-
ample, when the IR wavelength is such that an XUV-excited
state is in resonance with a nearby state, the absorption spec-
trum during temporal overlap exhibits a characteristic, symmet-
ric, Autler–Townes (AT) doublet [8,15]. The delay dependence
of the AT feature motivates a time-dependent view of how the
IR pulse creates a transparency window at the original XUV
resonance frequency, the opening of which is controlled by
the IR delay [16–18]. Detuning from resonance closes the
AT window and reveals instead new light-induced structures
(LISs) between the allowed XUV transitions [5,8].
In this Letter, we combine wavelength control of a range of
IR-driven interactions with a collinear, background-free mea-
surement. We implement an ATAS scheme in which an atto-
second pulse train (APT), generated by a 780 nm pulse, is
combined with an IR probe pulse that has been routed through
an optical parametric amplifier (OPA) to obtain synchronized,
tunable, long-wavelength pulses with wavelengths ranging
between 1200 and 1700 nm. By tuning the probe laser, we
demonstrate exquisite control of the resonant AT doublet
around the 1s4p absorption line in helium, and we show
how the symmetric doublet transitions to an asymmetric pair
of lines associated with the 1s4p state and a light-induced
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sideband. The non-commensurate probe laser also allows for
the background-free study of XUV±2*IR photon processes
in a collinear geometry. In a commensurate setup, such
FWM signals would be buried in the neighboring harmonic
(unless that harmonic is removed by tailoring the XUV spec-
trum; see [19]). Our versatile approach allows us to discern the
intricate structure of weak FWM emissions and understand
their non-intuitive origin. We illustrate two different emission
processes with non-trivial delay dependencies, one prompt and
the other delayed with respect to maximum overlap between
pump and probe lasers. We identify the nonlinear processes
underlying the two-IR-photon emission processes by compar-
ing the experimental results to calculations based on solving the
time-dependent Schrödinger equation (TDSE) in the single
active electron (SAE) approximation.
The experiments utilize 2 mJ, 40 fs IR pulses from a 1 kHz
Ti:sapphire laser system, centered at a wavelength of 780 nm.
These pulses are split into two arms using a beam splitter. In the
first arm; the laser beam is focused with a 50 cm focal length
curved mirror into a semi-infinite gas cell backed with ∼8 torr
of xenon, resulting in an APT dominated by the 13th, 15th, and
17th harmonics. The IR intensity and Xe gas pressure are ad-
justed so that the 15th harmonic is resonant with the 4p state of
helium at 23.74 eV above the ground state. (Since we work
within the SAE approximation. We omit the 1s label of the pas-
sive electron.) In the second arm, the laser beam is sent through
an OPA, which can produce IR pulses tunable between 1200–
1700 nm, with 40–70 fs duration and up to 50 μJ energy per
pulse. The time delay τ between the tunable IR and APT is con-
trolled using a translation stage. The two arms are recombined
using a mirror with a hole drilled in the center for APT propa-
gation and focused into a 1 cm long gas cell backed with
∼10 torr of helium. The spectrum of the transmitted XUV field
is measured as a function of τ using a homebuilt spectrometer
consisting of a concave grating and an X-ray CCD camera.
The experimental results report the delay-dependent
absorption spectrum in terms of the optical density (OD),
measured as − logIXUVIR∕IXUV, where IXUVIR (IXUV) re-
present the APT transmission with a time-delayed IR field
present (absent) [11]. In the simulations, we report the atomic
response function Sω, τ [20]. The atomic response function
has been used extensively to model the OD in the short-XUV-
pulse limit, where Sω, τ is proportional to the OD [9]. For
longer pulses, the relationship between Sω, τ and the OD is
more complicated, but the two quantities are still closely linked
and contain the same physical information. Under the single-
system response approximation [21],
Sω, τ  SLω, τ  SNLω, τ, (1)
with
SLω, τ ∝ nωImEAPTω, τd ω, τ, (2)
SNLω, τ ∝ n2ω2jd ω, τj2, (3)
where the subscripts L and NL point to the linearity (nonlin-
earity) of the terms with respect to the dipole moment of the
system. In these equations, n is the density of the atomic gas,
EAPTω, τ is the Fourier transform of the APT electric field,
and d ω, τ is the Fourier transform of the time-dependent
dipole moment d t, τ. When EAPTω is non-vanishing, the
first term in Eq. (1) is dominant and Sω, τ ≃ SLω, τ.
Below, we therefore report ImEAPTω, τd ω, τ when
EAPTω is non-vanishing [panels (b), (d), and (f ) in
Fig. 2]. The narrow spectral profile of the APT, however, results
in spectral domains where EAPTω, τ ≃ 0, and, when this
is the case, we instead report the dipole spectrum jdω, τj2
[panels (b), (c), and (d) in Fig. 3].
To calculate d t , τ [See Eqs. (1)–(3)], we propagate the
TDSE using the restricted excitation model described in
Ref. [22]. This approach allows us to control the individual
laser couplings in great detail, paving the way for a better
understanding of the underlying laser-matter interactions. In
the numerical simulations, we use a 785 nm cos4-envelope
probe pulse with a FWHM of 27 fs, combined with a 14 fs
XUV train containing the 13th, 15th, and 17th harmonics
of the 785 nm field. The results presented in Fig. 2 are calcu-
lated using a probe pulse intensity of 1.5 × 1011 W∕cm2, while
the results presented in Fig. 3 are calculated using a probe pulse
intensity of 4.5 × 1011 W∕cm2. The XUV intensity used is
109 W∕cm2. To obtain better agreement between experiment
and theory, we model the finite detector resolution of the ex-
periment by reducing the strength of spectrally narrow features
in the simulations. These narrow structures correspond to long-
lived dipole moments of the excited atom. Therefore, they scale
with the propagation time of the calculation, which allows for
their efficient identification and elimination. This process
leaves all broader spectral features unaffected and does not
change any of the conclusions.
Figure 1 shows the experimentally obtained transient ab-
sorption spectrum as a function of delay for two selected IR
Fig. 1. Experimentally obtained delay-dependent transient absorp-
tion spectra using (a), (c) a 1380 nm or (b), (d) a 1580 nm IR probe.
For photon energies below 22.7 eV and above 24.6 eV (the ionization
threshold of helium), the spectra in panels (a) and (b) have been multi-
plied by a constant factor, given on the figure. Panels (c) and (d) show
close-ups of the 4p absorption feature for the two wavelengths. In
panel (d), the AT feature is clearly visible. The FWM emission feature
is seen at ∼22 eV (marked with labels “4p − 2ω”) in panels (a) and (b).
In the left side of panel (a) [(b)], a sketch of the light couplings respon-
sible for the FWM [AT] process is shown.
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probe wavelengths. Negative (positive) delays correspond to sit-
uations where the APT arrives before (after) the IR probe pulse,
and the red (blue) colors correspond to IR-induced absorption
(emission). The two wavelengths in Fig. 1 are chosen to high-
light the two main foci of this Letter: control over the AT split-
ting of the 4p state at 23.74 eV, clearly visible in going from
panel (b) to panel (d), and the FWM emission feature seen in
panels (a) and (b) around ∼22 eV (4p energy minus two IR
photons). The figure shows that the shape and strength of both
AT and FWM features clearly depend on the IR wavelength. As
highlighted in panel (a), a second emission feature is also visible
near zero delay at ∼25.5 eV which corresponds to the 4p
energy plus two IR photons.
In the experiment, the IRwavelength can be varied in steps of
∼10 nm, thereby allowing a study of the detailed evolution of
the AT doublet in the vicinity of the 3s-4p resonance at
1510 nm, as shown in Fig. 2. For all three wavelengths in
Fig. 2, we see good agreement between the measured and the
calculated spectra. By eliminating states in the TDSE propaga-
tion, we have found that a three-state model consisting of the 1s,
4p, and 3s states qualitatively reproduces all features seen in
Fig. 2. This shows that the combination of a spectrally narrow
XUV pulse and a tunable IR pulse allows us to isolate the dy-
namics of individual quantum states, even in the dense manifold
of excited states near the ionization threshold in helium.
Figure 2 shows that on resonance (1510 nm), the 4p absorp-
tion signal exhibits a spectrally symmetric splitting around the
field-free 4p energy of 23.74 eV. For longer wavelengths the
lower arm of the AT splitting shifts downward in energy ap-
proximately following E3s  ωIR , with E3s the 3s energy
and ωIR the IR photon energy, while the upper arm remains
stationary. This indicates that the lower arm of the line shape
in Figs. 2(a) and 2(b) evolves into a LIS that can be labeled as
3s [5] as the wavelength increases to 1580 nm [Figs. 2(c) and
2(d)] and 1630 nm [Figs. 2(e) and 2(f )], representing the
absorption of an XUV photon by the IR-induced upper side-
band of the optically dark 3s state. In terms of the laser-
induced couplings, this means that the system transitions from
a non-perturbative Rabi-like regime near resonance to one in
which a second-order perturbation theory applies off-resonance
[8,23]. We note that these two regimes correspond to different
delay dependences: the Rabi-like regime is characterized by a
delay-dependent AT splitting corresponding to the peak Rabi-
frequency imposed during the XUV overlap, whereas the
perturbative regime is characterized by a LIS with a delay-
independent energy (for delays during overlap).
Next, we focus on the FWM emission sidebands seen in
Figs. 1(a) and 1(b) around 22 eV. These sidebands, located
in a spectral region where the XUV field initially had no fre-
quency components, are produced when XUV absorption at
the 4p energy is accompanied by the emission of two IR pho-
tons. It is important to note that the non-commensurate nature
of the IR and XUV fields allows for a background-free
observation of these emission features which, in a standard
(commensurate) setup, would be buried in the neighboring
harmonic of the XUV field (or, if using an isolated attosecond
pulse, within the broad XUV bandwidth). In contrast to what
we saw for the AT splitting, the emission sidebands are present
for a broad range of IR wavelengths (see Fig. 1) with a maxi-
mum in the emission strength at wavelengths slightly detuned
from the strong 4p − 3s transition (1510 nm). As shown in
Fig. 3, the FWM emission sideband driven at 1380 nm exhibits
a non-trivial spectral and temporal structure, with two emission
features, each centered on a different delay.
The prompt feature, labeled “P” in Fig. 3, is centered on
delay zero and energy 21.96 eV, whereas the delayed structure,
labeled “D,” is centered near −50 fs and 22.03 eV. In panel (b)
of Fig. 3, the theoretical delay-dependent dipole spectrum
jdω, τj2 is shown. We observe that our numerical results,
in general, underestimate the dipole moment near zero delay,
compared to the experiment (see Fig. 2). To obtain better
agreement between experimental and theoretical data shown
in Fig. 3, the theoretical results are amplified near zero delay
by an amplification factor extracted from the experimental
Fig. 2. (a), (c), (e) Experimentally and (b), (d), (f ) theoretically
obtained delay-dependent transient absorption spectra for three differ-
ent wavelengths. Same color scale as in Fig. 1.
Fig. 3. (a) Experimentally and (b) theoretically obtained delay-
dependent transient absorption spectra at 1380 nm showing the
FWM emission features. The prompt emission feature centered on
zero delay is labeled “P,” while the delayed feature at ∼ − 50 fs is
labeled “D.” Panels (c) and (d) show spectra calculated in models
in which the role of specific states can be identified (see text).
Same color scale as in Fig. 1.
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results shown in Fig. 2. Without this amplification factor, the
spectral features labeled “D” in panels (b) and (c) of Fig. 3
would extend to very large negative time delays without any
noticeable damping; however, the overall structure of the spec-
tra is unaffected by the amplification.
To explore the double-lobed structure in panels (a) and (b) of
Fig. 3, we have performed a series of calculations in which we
selectively turn off light-induced transitions between different
states of the system. Based on these calculations, we conclude
that a simplified model, including the 1s, 3s (22.92 eV), 3p
(23.05 eV), and 4p (23.74 eV) states, captures the main features
of the sidebands, although the cumulative effect of the remain-
ing excited state manifold is required to obtain good agreement
between the theory and experiment seen in Fig. 3. While both
3p and 4p are optically coupled to the ground state, it is surpris-
ing that the 3p state plays any role in the observed dynamics, as
there is no XUV flux at the 3p energy (see Fig. 1 where no ab-
sorption line is seen at the 3p energy) and, therefore, the 3p state
is only transiently populated by the XUV field, i.e., no popu-
lation is left in the 3p state after the XUV pulse is over. Within
the framework of the restricted excitation model, specific states
can be made “invisible” to the XUV field, so that the coupling to
that state from the ground state is set to zero, while still contrib-
uting to the IR-induced dynamics and to the time-dependent
dipole moment. When the 3p state is made XUV-invisible,
we refer to the correspondingmodel as the “4pmodel” [see panel
(c) in Fig. 3], since the population initially promoted to the 4p
state by the XUV pulse dominates the dynamics of the system in
this case. In the same way, the model in which the 4p state is
made XUV-invisible is referred to as the “3p model” [see panel
(d) in Fig. 3]. It is clear from panels (c) and (d) in Fig. 3 that the
delayed feature “D” is almost uniquely a result of the population
initially promoted to the 4p state, while the prompt feature “P”
is almost uniquely a result of the population initially promoted
to the 3p state. Though rather surprising, this discovery gives us
some insight into the delay dependence of the sidebands. Since
the feature “P” depends on the transient population of the 3p
state, it only appears when the IR and XUV pulses overlap, close
to zero delay. The non-transient nature of the 4p population
allows the feature “D” to be located at larger negative delays,
while destructive interference during the XUV pulse prevents
this feature from appearing close to zero delay. Our simulations
also show that the region where the “D” feature is not observed
expands with the duration of the XUV pulse.
The joint experimental and theoretical investigation re-
ported here demonstrates that the use of tunable IR fields in
ATAS opens new avenues to study and control nonlinear
light-matter interactions. We showed that by changing the
IR wavelength independently from the XUV train, we can tune
the IR couplings between excited states, turning resonant inter-
actions on and off. As an important example of this technique,
we demonstrated control over an AT doublet and its evolution
to an asymmetrical LIS. The use of non-commensurate IR and
XUV frequencies also allowed us to perform background-free
observation of emissions resulting from linear and low-order
nonlinear IR-induced couplings in a collinear geometry.
From the spectral and temporal structure of the observed
FWM, we identified the contributions from several excited
states that represent non-intuitive pathways for nonlinear emis-
sions. The tunable, background-free ATAS spectroscopy tech-
nique reported here enhances the attosecond science toolkit by
providing new control knobs. We envision that this approach
will offer significant advantages in disentangling the ultrafast
dynamics of electrons along the complex manifold of molecular
potential energy surfaces, and could also provide information
on the lifetimes and coupling strengths for optically dark states.
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